Intervertebral disc degeneration is a ubiquitous condition closely linked to chronic lowback pain. The health of the avascular nucleus pulposus (NP) plays a crucial role in the development of this pathology. We tested the hypothesis that a network comprising HIF-1, Carbonic anhydrase (CA) 9 and 12 isoforms, and sodium-coupled bicarbonate cotransporters (NBCs) buffer intracellular pH through coordinated bicarbonate recycling. Contrary to the current understanding of NP cell metabolism, analysis of metabolic-flux data from Seahorse XF analyzer showed that CO2 hydration contributes a significant source of extracellular proton production in NP cells, with a smaller input from glycolysis. Since enzymatic hydration of CO2 is catalyzed by plasma membrane-associated CAs we measured their expression and function in NP tissue. NP cells robustly expressed isoforms CA9/12 which were hypoxia-inducible. In addition to increased mRNA stability under hypoxia, we observed binding of HIF-1 to select hypoxia-responsive elements on CA9/12 promoters using genomic chromatin immunoprecipitation. Importantly, in vitro loss of function studies and analysis of discs from NP-specific HIF-1 null mice confirmed the dependency of CA9/12 expression on HIF-1. As expected, inhibition of CA activity decreased extracellular acidification rate independent of changes in HIF activity or lactate/ H + efflux. Surprisingly, CA inhibition resulted in a concomitant decrease in intracellular pH which was mirrored by inhibition of sodiumbicarbonate importers. These results suggested that extracellular bicarbonate generated by CA9/12 is recycled to buffer cytosolic pH fluctuations. Importantly, long-term intracellular acidification from CA inhibition lead to compromised cell viability, suggesting that plasmamembrane proton extrusion pathways alone are not sufficient to maintain homeostatic pH in NP cells. Taken together, our studies show for the first time that bicarbonate buffering through the HIF-1-Carbonic anhydrase axis is critical for NP cell survival in the hypoxic niche of the intervertebral disc. This article is protected by copyright. All rights reserved
INTRODUCTION
Low back pain is the leading cause of years lived with disability in the United States and the second leading cause of disability adjusted life years (1, 2) . LBP is caused by dysregulation and degeneration of the core structures of the spinal column: vertebrae and intervertebral disc. The disc comprises an outer fibrocartilaginous annulus fibrosus (AF), surrounding a gelatinous notochord-derived nucleus pulposus (NP), and cartilaginous endplates on the superior and inferior junctions with the vertebral bodies.
Due to a lack of tissue vasculature, cells of the NP reside in a unique hypoxic, acidic, and nutrient-limiting environment (3) (4) (5) (6) . Oxygen and nutrients diffuse from vasculature in the surrounding vertebrae, through the cartilaginous endplates and NP cell matrix, to reach the NP cells in the center of the disc. Metabolites cross the reverse path to be cleared from the NP compartment. Given that NP cells reside in a physiologically hypoxic niche and rely primarily on glycolysis for ATP generation, it is thought that these cells produce lactic acid which contributes to their acidic milieu (7) (8) (9) (10) . NP cells have a relatively low intracellular pH (measured at 6.7 in bovine cells) and studies suggest that the extracellular pH during degeneration can fall below 6.5 (11) (12) (13) . Importantly, with degeneration, poor solute clearance through sclerotic endplates coupled with a drop in intracellular pH may create an environment that predisposes NP cells for considerable cellular stress. Pathologically acidic pH in NP cells has been shown to lead to matrix catabolism and decreased glucose uptake (14) (15) (16) .
NP cells must therefore rely on robust pH-regulating systems to maintain the optimal pH for cellular metabolism, matrix production, and survival. It is widely accepted that pH regulation involves membrane-associated ion transporters and cytosolic as well as plasma membraneassociated carbonic anhydrases (CAs) to sense and balance levels of H + , HCO3 -, and CO2.
This article is protected by copyright. All rights reserved However, the intracellular pH (pHi) regulating capabilities of NP cells, including both plasma membrane H + -extrusion and HCO3 -buffering pathways (including pathways of CO2 production), are largely unexplored. In regards to H + extrusion, a study has detected the presence of Na + /H + exchangers and H + -ATPases in NP cells that both enable H + efflux as a means of regulating intracellular pH (11) . On the other hand, the mechanisms contributing to HCO3 -buffering in NP cells remain unknown.
The general model of pHi regulation via the HCO3 -buffering capabilities of carbonic anhydrases is extensively studied in other cell types (17) (18) (19) (20) (21) (22) . CAs are a family of 16 proteins which catalyze the reversible hydration of CO2 to produce equal parts HCO3 -(basic) and H + (acidic) units at an exceedingly efficient rate of up to 10 6 s -1 at 37 o C (23) . However, the specific function of the various isoforms is not redundant; their functional relevance is determined by cellular localization (plasma membrane vs. cytosol vs. mitochondrial membrane) and the directionality of the enzymatic reaction (favoring production of HCO3 -/H + or CO2/H2O). In fact, contrary to the general understanding, rates of CO2 hydration by CAs are substantial enough to contribute up to 100% of total extracellular proton production, a metric often erroneously associated solely with glycolytic lactate/ H + production (24) . Interestingly, our published RNASeq (GEO Accession #GSE86552) and microarray data (#GSE42611) along with other expression studies (GSE49560, GSE24612) show that levels of CA9, CA12 and CA3 expression are the highest in rat NP cells (25) (26) (27) (28) . These studies also show that NP cells express CA2
(cytosolic) and CA5b (mitochondrial) at lower levels while the remaining CA isoforms were undetectable.
Recently it has been found that the membrane-associated and extracellularly facing CA9
and CA12 isoforms are rapidly induced by hypoxia inducible factor-1 (HIF) under hypoxic
This article is protected by copyright. All rights reserved conditions in select cell types (29) (30) (31) . While these isoforms show broader expression in embryonic tissues, their expression is restricted to few adult tissues and elevated in hypoxic tumors (32, 33) . In cancer cells, they are shown to be robust pHi regulators by generating HCO3 -that is recycled into the cell through the coordinated actions of HCO3 -transporters that includes SLC4 and SLC26 families of proteins (34, 35) . The electrogenecity and directionality of HCO3 -transport is varied for each isoform. However, important to this work, the Na + -coupled/HCO3 -cotransporters (NBCs) are all capable of bicarbonate influx and are sensitive to inhibition by the stilbene derivative, SITS (36) .
NP cells adapt to their unique hypoxic environment through the essential activities of the hypoxia-inducible factor (HIF) homologues (4) which is regulated in a unique fashion in the NP (5, (37) (38) (39) (40) (41) . HIF-1, in particular, regulates the expression of many genes critical to the survival of NP cells-including enzymes controlling glycolysis (10) . Likewise, HIF-1 is implied to control CA12 expression in NP cells, however, in vivo evidence and mechanistic insights of this regulation are lacking (42, 43) . We hypothesize that the HIF-1-CA9/12 axis is critical for pHi regulation in NP cells. We clearly show that the inhibition of CA9 and CA12 in NP cells not only leads to decreased ECAR but also intracellular pH, implying a contribution to extracellular HCO3 -generation and its cytosolic retrieval through NBCs. Importantly, long-term cytosolic acidification of NP cells due to catalytic inhibition of CA9 and CA12 results in increased incidence of cell death. Taken together, our studies show for the first time that bicarbonate buffering through the HIF-1-Carbonic anhydrase axis is critical for NP cell survival in the hypoxic niche of the intervertebral disc.
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MATERIALS AND METHODS

Isolation
To investigate the effect of NBC inhibition, we treated NP cells with SITS (100, 250, 500 M) for 18 hours after 24 pre-treatment in hypoxia.
To investigate the effect of HIF-1 stabilization on CA9/12 expression under normoxia, we inhibited PHD activity with Dimethyloxalylglycine (DMOG) (2mM) for 8 and 24 hours.
Seahorse XF Analyzer Respiratory Assay -The Seahorse XF24 instrument was used to measure extracellular acidification rate (ECAR) and O2 consumption rate (OCR), as reported by Csordás et al (45) . Rat NP cells were seeded on 24-well XF Analyzer plate at 15,000 cells per well. Cells were incubated in hypoxia for 24 h prior to treatment with three carbonic anhydrase inhibitors for 18 h and new assay media was added (DMEM, 5mM glucose, 4 mM glutamine, pH 7.4 @ 37C). While the microplate was incubating for 1 h at 37ºC, no CO2 and in normoxia, the antimycin-filled sensor cartridge was loaded into the Seahorse XF Analyzer for calibration. The assay protocol was a repeated sequence of 2-min mix, 2-min wait, and 2-min measurement. The measurement phase involves the lowering of the probe array to create a minimally oxygenThis article is protected by copyright. All rights reserved impermeable microchamber that allows amplification of O2 changes due to cellular processes.
The OCR was calculated using the Akos algorithm, a standard algorithm which we determined was appropriate even for the low OCR readings that we recorded in NP cells; appropriateness was based on the approximate linearity of the pO2 vs time traces. ECAR was measured from readings of H + concentration. After each measurement, the probe array rises, after which the solution in each well was mixed for 2 min (by gently moving the probe array up and down) to remove O2 and metabolite gradients, followed by a 2-min waiting period before the next measurement phase (i.e., lowering of the probe). Our experiments included 8 OCR and ECAR measurements to create a baseline, followed by the injection of Antimycin A (Sigma Aldrich). 3 OCR and ECAR measurements were then made. All measurements were normalized to total protein concentration using a standard BCA assay. Mitochondrial OCR was calculated by subtracting the final OCR value (pMoles O2/min) after Antimycin A treatment from the average of the 3 OCR values before Antimycin A treatment. In a separate assay, cells were treated with oligomycin, FCCP (200, 400, 800, 1000 nM), and Antimycin A to determine total electron transport chain capacity.
Real Time RT-PCR Analysis -Total RNA was extracted from NP cells using RNAeasy mini columns (Qiagen). Before elution from the column, RNA was treated with RNase-free DNase I (Qiagen). Purified, DNA-free RNA was converted to cDNA using EcoDry™ Premix (Clontech).
Template cDNA and gene-specific primers were added to the SYBR Green master mixture (Applied Biosystems) and mRNA expression was quantified using the Step One Plus Real-time PCR System (Applied Biosystems Bioinformatics Analysis -The nucleotide sequence and chromosomal location of the 2kb proximal promoter of rat Car9 and Car12 were found using the UCSC Table Browser (https://genome.ucsc.edu/cgi-bin/hgTables). Evolutionary conservation of the 2kb proximal promoter was determined using the ECR Browser (http://ecrbrowser.dcode.org/) with a threshold of 77%. Putative HRE consensus sequences (5'-[A/G]CGTG-3') were determined using the JASPAR Core Database (http://jaspar.genereg.net/) with a relative score threshold of 0.85 (48) .
Lentiviral Particle Production and Viral Transduction
Multiz alignment of HRE motifs was performed using the Ensembl Lastz Database (http://www.ensembl.org/index.html).
Chromatin Immunoprecipitation -Rat NP cells were plated in 10-cm plates and either cultured in normoxia or hypoxia for 24 hours. ChIP assay was performed using ChIP-IT® high sensitivity
This article is protected by copyright. All rights reserved kit (Active Motif, Carlsbad, CA) according to the manufacturer's recommendations. Briefly, chromatin was sheared by sonication, and input DNA was generated by treating aliquots with RNase, proteinase K, and heat, followed by ethanol precipitation. DNA complexes were immunoprecipitated by incubation with anti-HIF-1 antibody (Cell Signaling) overnight at 4°C
followed by binding to protein G-agarose beads for 3 h at 4°C. Cross-links were reversed by treatment with proteinase K and heat for 2.5 h, and DNA was purified using DNA purification elution buffer (Active Motif). Real time PCR analysis was performed using ChIP-IT® quantitative PCR analysis kit (Active Motif) using the following primer pairs for putative HRE sites (from JASPAR database (48)) as shown in supplementary table 1.
Negative control primers and standard curve primers used were provided with kit. Real time PCR was performed with Power SYBR® Green PCR Master Mix (Applied Biosystems).
The Ct values were recorded, and the data were normalized based on primer efficiency, input
DNA Ct values, amount of chromatin, and resuspension volume, based on manufacturer's recommendations. M valinomycin/nigericin ionophore cocktail.
Cell Viability Assay
Statistical analysis -All experiments were performed in triplicate at minimum, and data are presented as mean ± S.E. Differences between groups were analyzed by the Student's t test and one-way ANOVA; p<0.05.
RESULTS
Hydration of CO2, rather than glycolytic production of lactate, contributes more to the extracellular proton production in NP cells -In order to elucidate the baseline metabolism of NP cells we measured extracellular acidification (ECAR) and oxygen consumption rates (OCR) of primary NP cells with a Seahorse XF Analyzer after 24 hours of hypoxic culture (Figs. 1A, B) . It was apparent from the ECAR and OCR time-courses that basal metabolic rates in NP cells were relatively low; especially OCR which is 10-fold lower than those seen in other cell types (49, 50) . Interestingly, inhibiting the electron transport chain with Antimycin A had no effect on
This article is protected by copyright. All rights reserved Recently, Mookerjee and colleagues have elegantly shown that there are two major sources of extracellular production that contribute to ECAR measurements (24) . While ECAR measurements are generally used to solely report the glycolytic production of lactate/ H + , CO2
produced from TCA cycle can be enzymatically hydrated into HCO3 -and H + units by membraneassociated and extracellularly-facing carbonic anhydrases (Fig. 1C) . Although we have previously shown that that NP cells do not rely on mitochondria for ATP production, it is well known that the TCA cycle is necessary for generating the metabolic precursors for fatty acid, nucleotides, and amino acid synthesis (10) . With this understanding, we sought to determine the proportion of total proton production rate (PPRtot) generated from glycolysis (PPRglyc) and CO2 hydration (PPRCO2) according to the equations derived and modeled by Mookerjee et. al. (24) ( We determined the glycolytic proton production rate in primary NP cells (using glucose and glutamine as substrates) to be 18.8-19.2 pmol H + /min/g protein. Given that the total proton production rate of 56 ± 5 pmol H + /min/g protein, the percentage of total proton production generated from glycolysis is 34 ± 3% and from CO2 hydration is 66 ± 3% (Fig. 1E) . These results suggested that CO2 hydration by extracellularly-facing carbonic anhydrases should be critical in NP cell physiology. respectively, implying that both isoforms are co-expressed (Fig. S1 ). These results suggested that the expression of these two CA isoforms is enriched in the NP compartment of the adult intervertebral disc and may play an important role in tissue physiology.
Carbonic anhydrase isoforms 9 and 12 are expressed in intervertebral disc tissue in vivo-
Expression of carbonic anhydrase isoforms is hypoxia-inducible in NP cells-Given the robust
expression of CA9 and CA12 in the NP tissue, we investigated the effect of oxygen tension on their mRNA and protein levels. We cultured primary rat NP cells under hypoxic conditions for 8-72 hours and measured mRNA and protein expression by qRT-PCR and Western blot. Car9 and Car12 mRNA showed significant hypoxic induction as early as 8 hours and persisted until 72 hours ( Fig. 2A, B) . Amongst both CA isoforms, the magnitude of induction was highest for Car12; levels were ~15-fold after 8 hours and remained elevated (~10-fold) at 72 hours in hypoxia (Fig. 1B) . Additionally, an Actinomycin D chase assay showed that Car9 and Car12 mRNA had enhanced stability under hypoxia. The half-life (t1/2) of Car9 mRNA increased from 13.6 to 19.7 hours in hypoxia. Likewise, the half-life of Car12 mRNA increases from 11.5 to 16.8 hours (Fig. 2C, D) . These results imply that Car9 and Car12 mRNA is stabilized by posttranscriptional regulation under hypoxia. Likewise, CAIX (Fig. 2E, F) , and CAXII protein (Fig.   2E , G) levels were also elevated after 72 and 24 hours in hypoxia, respectively. Overall, it is This article is protected by copyright. All rights reserved evident that CA9 and CA12 are sensitive to changes in oxygen tension and their expression was up-regulated under hypoxic conditions. Moreover, we show here for the first time that CA9, in addition to CA12, is hypoxia sensitive in NP cells (43) . within rat Car9 and Car12 promoters were predicted using a transcription factor binding databases JASPAR CORE database (48) . Analysis identified several putative HRE binding sites on the promoters of Car9 and Car12 (Fig. 2H) . Next, the sequence conservation of the putative HRE motifs was analyzed using Multiz alignment tool from Ensembl lastz database (http://www.ensembl.org/index.html) which showed 100% conservation at HRE R1 in Car9 and HRE R1 and R3 in Car12 promoters (Fig. 2I) . We experimentally validated HIF-1 binding to these predicted HRE regions on Car9 and Car12 promoters in rat NP cells using genomic chromatin immunoprecipitation (ChIP). Of the three putative HRE binding regions on the Car9 promoter, the region with the highest conservation and closest to the transcriptional start site showed binding independent of oxemic tension (Fig. 2J ). This result was not unexpected for NP cells, which constitutively express HIF-1 even under normoxic conditions (4, 5) . Interestingly, of three putative HRE binding regions on the Car12 promoter, binding was seen only at HRE R1 which also showed enrichment in hypoxia (Fig. 2K ). with DMOG treatment for 8 hours showed a small increase in Car9 mRNA levels, induction was lost at 24 h (Fig. 3A) . Whereas, Car12 mRNA levels were significantly increased (Fig. 3B) .
HIF-1 binds to select HRE binding regions in the promoters
CA9 and CA12 expression is regulated by HIF-1 in NP cells in vitro-
Importantly, we also transduced rat NP cells with lentiviruses expressing two HIF-1 shRNA sequences. This silencing approach resulted in a stable ~90% knock-down of HIF-1 (Figs. 3C , 4B-G). We observed that the expression of both CAIX (Fig. 4B-D) and CAXII ( Fig. 4E-G) was reduced in the NP (indicated by the white, dotted line) of HIF-1 mutant mice (Fig. 4D, G anhydrase inhibitors, at the concentrations used in this study, they specifically inhibited CA9 and CA12 catalytic function in NP cells (51); whereas U-104 is a specific inhibitor of CA9 and CA12
(Ki = 45 nM and 4.5 nM, respectively) with very low inhibition for CA1 and CA2 (Ki = 5080 nM and 9640 nM, respectively) (52) . When this inhibitor is used, the cytosolic CA isoforms expressed in the disc (CA2/3) will not be affected, given the high Ki for CA2 and known inability of CA3 to be effectively inhibited with small molecules (53) . First, we confirmed that changes in cell viability did not confound metabolic profiling; inhibition of CA function for 18 hours did not significantly affect cell viability (Fig. 5A) . However, cells treated with MZA, AZA, and U-104 experienced significant decreases in ECAR over time (Figs . 5B, C, D) and on average (Fig. 5E) ; treatment with antimycin A had no effect on ECAR, again suggesting minimal dependency on electron transport chain in NP cells (Fig. 5B-E) . Overall, these results demonstrate that catalytic inhibition of CA9/12 decreased total extracellular proton production, This article is protected by copyright. All rights reserved confirming that extracellular acidification in NP cells is partially due to CA9/12-dependent hydration of CO2.
Likewise, treatment with MZA, AZA, and U-104 significantly decreased total OCR over time (Figs. 6A-C) and on average (Fig. 6D) . Notably, however, treatment with antimycin A had no effect on OCR (Fig. 6A-C) , suggesting that mitochondrial OCR was unaffected by CA inhibition (Fig. 6E ). In addition, we confirmed that mitochondrial function was not altered with CA inhibition by measuring mitochondrial oxidoreductase activity (Fig. 6F) . In summary, inhibition of CA catalytic activity decreased extracellular H + accumulation and oxygen consumption rates of NP cells, independent of mitochondrial oxidative respiration.
Inhibition of CAs causes a significant decrease to the total extracellular proton production rate without affecting glycolysis in NP cells-To investigate the functional effect of CA inhibition on
NP cells we delineated the source of extracellular proton production that contributed to decreased ECAR-i.e. H + produced via glycolysis or CO2 hydration. Since we determined that ~66% of total proton production in NP cells is from extracellular CO2 hydration, it is expected that part of the decrease in ECAR after CA inhibition is directly due to abrogating proton production from the CA reaction. However, the other potential source of extracellular proton production measured by the analyzer is those transported out of the cells with lactate via monocarboxylate transporter 4 (MCT4). This measurement is often considered a surrogate measure of glycolytic flux as MCT4 exports equal units of lactate and H + , the end products of anaerobic glycolysis (Fig. 7A) (54) .
To investigate if glycolytic flux was perturbed, we measured the effect of CA inhibition on HIF-1, a major regulator of glycolysis. We showed that levels of HIF-1 protein (Fig. 7B, 
C) and HIF-1 transcriptional activity measured by HRE luciferase reporter is unaltered (Fig.
This article is protected by copyright. All rights reserved 7D). We also confirmed that MCT4 protein levels did not change after inhibiting CAs (Figs. 7E, F) and that extracellular lactate concentrations remained unaffected by CA inhibitors (Fig. 7G ).
Taken together, these results suggested that the decrease in extracellular proton production contributing to decreased ECAR was not due to a change in glycolytic flux or lactate transport.
Rather, the data confirm that catalytic activity of extracellularly facing CAs favors the hydration (Fig. 8A, B) . These results suggest that the reduction in ECAR by HIF-1 silencing is likely caused by a rewiring of substrate flux, such that pyruvate is now diverted into the mitochondria and away from reduction to lactate. Moreover, the subsequent increase in ECAR upon antimycin treatment indicated that the HIF-1 silenced cells retain reserved glycolytic capacity.
HIF-1silencing also caused a significant increase in total OCR (mitochondrial + nonmitochondrial). Interestingly, this increase was substantially suppressed by antimycin A (Fig.   8C ). We determined the mitochondrial fraction of total OCR and found that HIF-1silencing
increased not only the total OCR but also the mitochondrial OCR fraction (Figs. 8D, E) .
Furthermore, we calculated rates of glycolytic and CO2-dependent proton production and found that HIF-1 knockdown decreased the relative contribution from glycolysis and increased the This article is protected by copyright. All rights reserved contribution from CO2 hydration (total proton production rate was ~65 and ~55 pmol H + /min/g protein for ShCtr and Sh-HIF-1 group, respectively), suggesting an increase in TCA-cycle derived CO2 (Fig. 8F) . Given that the results of HIF-1 knockdown assays implied that NP cells are capable of oxidative metabolism, we determined whether NP cells possess reserve electron transport chain capacity by uncoupling mitochondrial ATP generation from electron transport chain activity using the chemical uncoupler, FCCP (Fig. 8G) . Interestingly, the fold change in OCR increased in a dose-dependent manner with FCCP treatment from 400 to 1000 nM concentrations. These data suggest that NP cells do, in fact, have reserve electron transport chain capacity that can be tapped into under specific circumstances, such as when HIF-1 signaling is compromised. Taken together, these results clearly showed that HIF-1 actively suppresses electron transport chain function and oxidative respiration in NP cells, and silencing this crucial transcription factor caused a shift in cellular metabolism beyond that evidenced by dysregulation of CAs.
Inhibition of CAs causes a significant decrease in intracellular pH by blocking the generation of
recycled bicarbonate -Given that CA inhibition caused a significant decrease in extracellular H + and HCO3 -production, we investigated the fate of this extracellular HCO3 -. In some hypoxic cancer cells CA9/12 produced extracellular HCO3 -is retrieved to buffer cytosolic pH (19, 55) ( Fig. 9A) . We measured pHi of rat NP cells after CA inhibition using fluorescent pH-sensitive probes. In line with previous studies of bovine NP cells, the baseline pHi in rat NP cells was found to be acidic (pH~6.8) (11) . Importantly, our results clearly showed that the pHi became more acidic when CA9/12 were inhibited (Fig. 9B) . These results confirmed that the CA9/12 reaction indeed favors production of extracellular HCO3 -which is recycled to buffer intracellular pH. Noteworthy, we performed these experiments in HCO3 -buffered medium to verify that the This article is protected by copyright. All rights reserved equilibrium of the CA reaction was not shifted to favor H + and HCO3 -production as a reflection of the non-HCO3 -buffered conditions in the Seahorse assay.
HCO3
-recycling is dependent on the expression and function of bicarbonate transporters in the NP. Analysis of our previous RNA-Seq studies indicated that NP cells express various plasma membrane bicarbonate transporters of the SLC4 and SLC26 families (GEO Accession #GSE86552) (25) . Of the bicarbonate transporters expressed, SLC4A2 (AE2), SLC4A4
(NBCe1), SLC4A7 (NBCn1), and SLC26A4 (Pendrin) had the highest levels. qRT-PCR results confirmed the expression of these four isoforms in rat NP cells (Fig. 9C) . Na + -coupled/HCO3 -exchangers, NBCn1 and NBCe1, are known to function as HCO3 -importers and can be catalytically inhibited by the stilbene derivative, SITS (36) . We measured pHi after inhibiting bicarbonate transport with SITS. The results recapitulated the significant decrease in pHi seen after CA9/12 inhibition (Fig. 9D ). This result indicated that HCO3 -produced pericellularly by CA9 and CA12 activity is recycled by NP cells to buffer cytosolic pH.
Chronic inhibition of CA9 and CA12 in hypoxia results in NP cell death -Although short-term
inhibition of CA9 and CA12 had no measurable effect on cell viability, we hypothesized that longer-term inhibition and resultant intracellular acidification will lead to pathological changes in NP cell viability. To test this, we measured NP cell viability after inhibiting CA9 and CA12 for 48 and 96 hours. Our results clearly demonstrate that NP cell viability decreased by 15% and 20% after 48 and 96 hours of CA inhibition, respectively (Fig. 9E) .
DISCUSSION
The avascular NP tissue relies on a predominantly glycolytic metabolism for energy generation (10) . Pathologically acidic pH (~6.5) exacerbates the breakdown of extracellular matrix proteins and decreases cellular glycolytic flux by NP cells (7, (14) (15) (16) 
; as a result cells tightly control
This article is protected by copyright. All rights reserved metabolite concentrations to maintain a physiological pHi. Carbonic anhydrases are the major regulators of acid-base metabolism in other cell types (22) . Despite their critical contribution in buffering intracellular and extracellular pH, the detailed molecular mechanisms that control expression of carbonic anhydrases and their function in hypoxic NP cells is not yet fully elucidated (42, 43) . In this study, we showed for the first time that CO2 hydration contributes to the majority of extracellular H + and HCO3 -production in the NP cell matrix through actions of HIF-1 dependent membrane-associated and extracellularly facing carbonic anhydrase isoforms 9 and 12. Notably, our data supports the contribution of CA9 and 12 to a HCO3 -transport metabolon and pHi regulation, underscoring their importance in NP physiology.
Given that we determined a large portion of extracellular proton production is from CO2
hydration, we hypothesize that NP cells do in fact utilize the TCA cycle to generate metabolic precursors, NADH, and generate CO2 from this pathway. Our previous studies have shown that although NP cells do not rely on mitochondria for ATP production, they are capable of using the TCA cycle for fatty acid oxidation (10) . Moreover, they are not limited by availability of intermediates like -ketoglutarate that are generated through TCA cycle (5, 41) . In addition, CO2
(and NADPH) could be generated from decarboxylation reactions in pentose phosphate pathway known to generate five-carbon sugars glucose-6-phosphate in the cytosol.
Given such prominent contribution of CO2 hydration to extracellular proton generation it was logical to investigate if membrane-associated and extracellularly-facing carbonic anhydrases Investigations of membrane associated HCO3 -transporters in the disc, however, is seldom. In the present study, however, we confirmed the expression of four membrane-associated bicarbonate transporters, namely NBCe1, NBCn1, AE2, and Pendrin, a rare enzyme commonly associated with thyroid pathology (35) . While these results are interesting, further research into the coordinated HCO3 -transporters that work in tandem with CA9/12 is essential for a thorough understanding of pH regulation in the NP. Concerning the fate of extracellular H + units produced along with HCO3 -by CA9 and CA12 catalytic reaction, we hypothesize that they will only be transiently available in the pericellular space and will be secreted out of the disc or, alternatively, could be used as a form of energy currency. In this sense, extracellularly facing CA9 and CA12 may act as H + donors for nearby membrane associated co-transporters (such as MCTs) that also function in the complex network of pH sensors (59, 60) .
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